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The discovery of melanopsin, the nonvisual opsin present in intrinsically photosensitive retinal ganglion cells (ipRGCs), has created great excitement in the field of circadian biology. Now, researchers have emphasized melanopsin as the main photopigment governing circadian activity in vertebrates. Circadian biologists have tested this idea under standard 12:12 h light:dark cycles in the laboratory that lack the dramatic daily colour changes of natural skylight. Here we used a stimulus paradigm in which the colour of the illumination changed throughout the day, thus mimicking natural skylight, but luminance, sensed intrinsically by melanopsin containing ganglion cells, was kept constant. We show in two species of cichlid, Aequidens pulcher and Labeotropheus fuelleborni, that changes in light colour, not intensity, are the primary determinants of natural circadian activity. Moreover, opponent-cone photoreceptor inputs to ipRGCs mediate the sensation of wavelength change, and not the intrinsic photopigment, melanopsin. These results have implications for understanding the evolutionary biology of nonvisual photosensory pathways and answer long-standing questions about the nature and distribution of photopigments in organisms, including providing a solution to the mystery of why nocturnal animals routinely have mutations that interrupt the function of their short-wavelength-sensitive photopigment gene. Ó 2012 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
For several decades, cycles of alternating white light and darkness have been the standard stimuli used in laboratory studies of circadian activity. These stimuli have been used to investigate circadian behavioural patterns in organisms ranging from bacteria to primates (Tang et al. 1999; Morgan 2004) . In nature, however, dramatic diel changes in skylight colour are associated with concomitant changes in luminance (Krull et al. 1985; Endler 1993) . Although the role such chromatic changes might play in the setting of circadian activity patterns has been largely ignored, two recent studies on captive redheaded bunting, Emberiza bruniceps, showed that wavelength is crucial in the regulation of circadian activity (Rani & Kumar 2000; Malik et al. 2004) .
A careful consideration of the role chromatic changes might play in circadian activity patterns via cone opponent neural pathways has the potential to resolve the unexplained associations between cone photoreceptor complement (i.e. both the sensitivity and relative numbers of photoreceptors) and circadian activity. Arrhythmic and strongly nocturnal organisms lack functioning short-wavelength-sensitive photopigments (Peichl & Moutairou 1998; Peichl 2005) . Furthermore, with the exception of some strongly nocturnal species, sensory systems involved in the entrainment of daily activity rhythms include spectrally opponent components that could detect chromatic time-of-day information in the natural world (Neitz & Neitz 2011) . Well-characterized examples of such sensory systems include the simple intracellular photoreceptor complex of Halobacterium salinarium (Kokoeva et al. 2002) , the parietal eye of Uta stansburiana (Su et al. 2006) , and the retinal ganglion cells of Macaca (Dacey et al. 2005) .
Retinoid-based photopigments evolved in the most ancient organisms, the archeans, which lack the visuoneural capacity for object discrimination. Furthermore, photoreceptors are thought to have evolved only once throughout the history of life and were co-opted into the various types of eyes that evolved much later within the animals (Land & Nilsson 2002) . Evidence from the aforementioned marine archean H. salinarium demonstrates that its spectrally opponent photoreceptor complex, with opposing actions produced by peak sensitivities to orange and ultraviolet wavelengths, acts as a solar clock to confer an essentially crepuscular activity pattern. Phototaxis towards the ocean surface is exhibited at dawn and dusk when long-wavelength light used in photosynthesis is prevalent, and migration away from the surface is exhibited at midday when lethal ultraviolet light is most intense (Dundas & Larsen 1962) .
The universal presence of colour-opponent inputs to circadian systems in extant animals suggests that they would retain the ability to compare the relative stimulation among spectral subtypes of photoreceptors in order to extract time-of-day information from the natural world, much like H. salinarium (Land & Nilsson 2002;  
